This study was undertaken to evaluate the in vitro biocompatibility of newly developed Ni-free Ti-based shape memory alloys (SMAs) in comparison to that of commercial pure titanium (cpTi). This study compared Ti-24 mol%Nb-3 mol%Al (Ti-Nb-Al) and Ti-7 mol%Cr-3 mol%Sn (Ti-Cr-Sn) to cpTi from a cell-compatibility perspective. In all, 63 samples (21 samples for each group) were prepared, which were machined into 10-mm-diameter, 0.15-mm-thick, mirror-polished disks. Their surface morphology was evaluated using scanning electron microscopy (SEM). The chemical composition of the sample surface was determined using an energy dispersive X-ray analyzer (EDX). Sample surface roughness was measured using a non-contact 3D profiler. After sample surface observations, the cell proliferation and viability of African green monkey kidney fibroblast cell line COS7 in direct contact with these new alloys were evaluated by DNA quantification, by live cell imaging using CelLuminate Red fluorescent cell stain as a new method, and by cytoskeletal observations by immunofluorescent actin labelling. Cell proliferation was examined after 1, 3, and 5 days of culture. Results were the following. (i) Each sample showed high purity and a very smooth surface, showing no morphological differences among groups. (ii) The COS7 cells took in sufficient CelLuminate Red to visualize the cells using epifluorescent microscopy, and (iii) cell proliferation with Ti-Cr-Sn was lower than with either cpTi or Ti-Nb-Al. These results suggest that Ti-Nb-Al alloy showed biocompatibility as high as that of cpTi and that it is more suitable for biomedical applications.
Introduction
Shape memory alloys (SMAs) belong to a group of materials known as smart functional materials. These SMAs, as typified by nickel-titanium (Ni-Ti) alloy, exhibit unique properties of shape memory effect and superelasticity. The shape memory effect relates to the fact that the alloy reverts to its original shape after heating above a specific temperature; superelasticity is a phenomenon by which the stress value remains nearly constant up to a certain point of wire deformation. 1, 2) These properties can be put to excellent use in various biomedical applications, [3] [4] [5] [6] [7] such as catheter guide wires, stents, orthodontic wires, and orthopedic implants for osteosynthesis.
Ni-Ti alloy is the only practical SMA in biomedical use because of its excellent mechanical stability and functionability. However, the biocompatibility of Ni-Ti is questionable because it contains a large amount of nickel. 8, 9) Therefore, Ni-Ti might induce nickel hypersensitivity; 10, 11) we recommend avoiding the use of this alloy in nickelsensitive patients. In contrast, some studies have shown high biocompatibility of Ni-Ti because of the passive oxide layer on the alloy surface and the strong interatomic bonding between nickel and titanium ions. However, recent studies have revealed that mechanical stress or some chemical environments cause corrosion and that substantial quantities of nickel ions can be released. [12] [13] [14] Therefore, the long-term biomedical use of Ni-Ti in a living body might not be desirable. Moreover, results of recent numerous animal studies evaluating the carcinogenicity of nickel have supported the view that nickel is a potent carcinogen. [15] [16] [17] From the perspective of allergenicity and toxicity for humans, reduction of Ni content or development of Ni-free SMAs is necessary to reduce the risks of nickel hypersensitivity and carcinogenicity. Therefore, we have been systematically investigating new Ni-free Ti-based SMAs composed of non-toxic elements, demonstrating that Ti-24 mol%Nb-3 mol%Al (Ti-Nb-Al) [18] [19] [20] and Ti-7 mol%Cr-3 mol%Sn (Ti-Cr-Sn) 21, 22) exhibit good mechanical performance among Ni-free shape memory and superelastic alloys.
For in vitro biocompatible evaluation of alloys, cells on the metallic samples were conventionally observed using epifluorescent microscopy, because metallic samples were not transmissive to light. However, some fluorescent stain methods need lipofection, which is toxic to cells to some degree, and even some fluorescent pigments themselves have some kinds of toxicity. Therefore a new simple and safe method for observation of the cells on the metallic sample has been expected, changing to the conventional methods.
The purpose of this study was to evaluate relative in vitro biocompatibility of newly developed Ni-free Ti-based SMAs compared to commercial pure titanium (abbreviated as cpTi). In this study, the cell proliferation and viability of African green monkey kidney fibroblast cell line COS7 in direct * Graduate Student, Graduate School of Dentistry, Tohoku University contact with these new alloys were evaluated using DNA quantification, new live cell imaging on metallic samples using epifluorescent microscopy by CelLuminate Red fluorescent cell stain concurrently with phase microscopy, and cytoskeletal observations by immunofluorescent actin labeling.
Materials and Methods

Samples
For this study, Ti-24 mol%Nb-3 mol%Al (Ti-Nb-Al), Ti-7 mol%Cr-3 mol%Sn (Ti-Cr-Sn) and commercial pure titanium (cpTi, JIS H 4600 (JIS Grade 1); Nippon Steel Corp., Tokyo, Japan) were used. The Ti-Nb-Al and Ti-Cr-Sn alloys used in this study were fabricated by nonconsumable Welectrode type arc melting method in Ar-1%H2 reduction atmosphere using a Cu heath and high purity elemental materials with 99.99% (4N). In all, 63 samples (21 samples for each group) were prepared. The samples were machined into 10-mm-diameter, 0.15-mm-thick disks. To create a mirror-like surface, Ti-Nb-Al and Ti-Cr-Sn were mechanically polished with 3-mm and 1-mm diamond paste; cpTi was mechanically polished with 3-mm diamond paste and 0.03-mm colloidal silica. After polishing, the samples were cleaned ultrasonically for 5 min twice in acetone, and for 20 min twice in distilled water. Subsequently, samples were sterilized using an autoclave at 121 C for 20 min and then oven-dried.
Surface observation
The surface morphology of the samples before and after polishing was evaluated using scanning electron microscopy (SEM; JSM-6390LA; JEOL, Tokyo, Japan) operated at the accelerating voltage of 10 kV and filament current of 67 mA at 500Â magnification. The chemical composition of the samples after polishing was determined using an energy dispersive X-ray analyzer (EDX; JED-2300; JEOL, Tokyo, Japan) operated at the accelerating voltage of 15 kV and filament current of 60 mA. Several points on the sample surfaces were selected randomly. They were examined using EDX point analysis. Roughness of the 10 sample surfaces after polishing of each group was measured using a noncontact 3D Profiler (Talysurf CCI 3000; Taylor Hobson Ltd., Leicester, UK).
Cell culture
To evaluate in vitro biocompatibility of the Ti-Nb-Al, Ti-Cr-Sn, and cpTi, African green monkey kidney fibroblast cell line COS7 was cultured on each sample in a Dulbecco's Modified Eagle Medium (Wako Pure Chemical Industries Ltd., Osaka, Japan) containing 10% horse serum (Invitrogen Corp., Carlsbad, CA, USA), 100 U/ml penicillin (MeijiSeika Kaisha Ltd., Tokyo, Japan) and 100 mg/ml streptomycin (Meiji-Seika Kaisha Ltd., Tokyo, Japan). The cells were maintained in a humid incubator at 37 C with 5% CO 2 . The sterilized samples (10 mm diameter) were set onto the bottom of a 24-well non-tissue culture treated plate (Becton, Dickinson and Co., Franklin Lakes, NJ, USA). A cell suspension consisting of 20 000 cells was seeded onto the surfaces of the Ti-Nb-Al, Ti-Cr-Sn, and cpTi. Cells were grown in 300 ml of medium. The cell proliferation was examined after 1, 3, and 5 days of culture. In this study, the cell proliferation and viability with these alloys were evaluated using DNA quantification, new live cell imaging, and cytoskeletal observation by immunofluorescence. Seven samples of each group were used per day; five samples for DNA quantification, one sample for live cell imaging, one sample for cytoskeletal observation staining by immunofluorescence. A total of 21 samples of each group were used for this study.
Quantification of DNA from the cells
To evaluate the cell proliferation, the isolation of DNA from the incubated cells on each sample material was performed using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen Inc., Valencia, CA, USA) and QIA shredder (Qiagen Inc.) according to the manufacturer's protocol. For extraction from cells, harvesting was conducted using a cell scraper (Sumitomo Bakelite Co. Ltd., Tokyo, Japan) instead of trypsinization. Following extraction, the DNA was quantified by absorbance at 260 nm using a spectrophotometer (GeneQuant pro, GE Healthcare, Buckinghamshire, UK).
CelLuminate Red fluorescent cell stain
For live cell imaging on the sample material, CelLuminate Red (Biocompatibles UK Ltd., Farnham, UK), a fluorescent stain for live cells made of non-toxic nanoparticles including the fluorophore rhodamine, was added to experimental wells at a concentration of 10% (v/v) in culture medium and was incubated for 24 h. After incubation, each sample attached by cells onto the upper surface was removed from the bottom of the experimental well and was set inversely on another well with fresh culture medium for removal of residual CelLuminate Red and for visualization using epifluorescent microscopy. Live cells that took in CelLuminate Red were imaged using an epifluorescent microscope (CKX41; Olympus Corp., Tokyo, Japan) with a 480-550 nm excitation filter. The cells were also visualized using phase-contrast microscopy. The images were captured with a digital camera (DP72; Olympus Corp., Tokyo, Japan) and were processed with software (DP2-BSW; Olympus Corp., Tokyo, Japan).
2.6
Immunofluorescence stain for cytoskeletal observation In order to label actin filaments in COS7 cells, samples of each group attached by COS7 cells at 3 days of culture were washed in phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde and permeabilized using 0.5% Triton X-100 (Sigma, St. Louis, USA) in PBS for 10 min. After washing with Tris-buffered saline (TBS, pH 7.6), samples were incubated in 100 ml of blocking buffer, then incubated with conjugate phalloidin (5 IU, Alexa Fluor 488; Cambrex Corp., Walkersville, MD, USA) for 20 min at room temperature. After washing, samples were mounted on PLAcoated glass plates with mounting medium for fluorescence (Vectashield; Vector Laboratories Inc., Burlingame, CA, USA). The cytoskeleton was observed with an epifluorescent microscope.
Statistical analysis
Data are presented as mean AE standard deviation (s.d.).
Data were compared between groups using analysis of variance (ANOVA) followed by a Tukey test; P < 0:05 indicated a statistically significant result.
Results
Surface observation
The surface morphologies of the samples before and after polishing are shown in Fig. 1 , as evaluated using scanning electron microscopy. The surfaces of non-polished samples showed many small pits, wrinkles, and scratches. In contrast, the polished samples showed smooth surfaces. Results of EDX analysis of the sample surfaces after polishing are shown in Fig. 2 . The EDX results show that the surface of cpTi showed only the element Ti, Ti-Nb-Al showed only Ti, Nb, Al, and Ti-Cr-Sn showed only Ti, Cr, and Sn. The arithmetic mean roughness (Ra) and maximum height of roughness (Rz) of the 10 sample surfaces after polishing of each group are shown in Table 1 . No significant difference in either Ra or Rz was found among the three groups.
Cell proliferation
To evaluate the cell proliferation, DNA quantification and live cell imaging with CelLuminate Red were performed in this study. Figure 3 shows the time course of cell proliferation with DNA quantification. A significant increase was found in the amount of DNA from cells between day 1 and day 3 in the culture with Ti; no significant difference was found between day 3 and day 5. In the culture with both TiNb-Al and Ti-Cr-Sn, the same progress was observed with Ti. However, in a comparison among sample materials, we detected that the amount of DNA from the cells on Ti-Cr-Sn was significantly less in comparison with cpTi at both day 3 and day 5. Nevertheless, no significant difference was found between cpTi and Ti-Nb-Al at day 1, day 3, or day 5. The value of Ti-Cr-Sn on day 1 was below the spectrophotometer detection limit. Next, live COS7 cells on each material were observed at day 1, day 3, and day 5 with epifluorescent microscopy to monitor cell proliferation with treatment of CelLuminate Red. The cells on each material were also observed using phase contrast method in parallel.
Results show that (i) COS7 cells took in sufficient CelLuminate
Red to enable visualization of the cells with epifluorescent microscopy, at least in the experimental conditions of this study. Furthermore, (ii) cell proliferation with Ti-Cr-Sn was apparently lower than with either cpTi or Ti-Nb-Al (Fig. 4) . Both live cell imaging with phase microscopy and with epifluorescent microscopy using CelLuminate Red revealed the similar tendency (Fig. 4) , but the live cell imaging using CelLuminate Red yielded a clearer image and was more sensitive to active cells (Fig. 5 ).
Cell viability
Observation of CelLuminate Red pinocytosed by cells on each sample surface revealed that the rate of cell growth in the culture with Ti-Cr-Sn was less than with either cp-Ti or Ti-Nb-Al (Fig. 4) . Figure 6 depicts cytoskeleton morphologies of the cells at day 3 on the cpTi, Ti-Nb-Al, and Ti-Cr-Sn observed using fluorescent microscopy. The COS7 cells on the cpTi and Ti-Nb-Al showed clear cytoskeleton, grew better, and spread more widely. Therefore, COS7 cells on the cpTi and Ti-Nb-Al were apparently larger and showed higher cell viability than those on Ti-Cr-Sn.
Discussion
Newly developed Ni-free Ti-based SMAs
Our group has systematically examined Ni-free Ti-based SMAs composed of non-toxic element and the Ti-Nb-Al ternary system as a promising candidate for practical applications. With decreasing Nb content, the transformation strain of Ti-Nb alloys increases but, simultaneously, the martensitic transformation start temperature (abbreviated as Ms) increases. 23) Therefore, for the appearance of superelasticity of Ti-Nb alloys with large superelastic strain, decreasing the Nb content should be achieved simultaneously with compensation of Ms by addition of ternary elements. In fact, Al is an effective ternary element to reduce Ms while preventing degradation of the transformation strain when substituting to Nb. 24) Furthermore, Al addition is effective to suppress ! embrittlement. 25) A Ti-Nb-Al alloy, Ti-24 mol%Nb-3 mol%Al, shows good superelastic performance. [18] [19] [20] To fabricate homogenized ingots, it is beneficial to use other stabilizing elements having lower melting points. Based on the background presented above, Ti-Cr-Sn is a promising alloy system. Actually, Cr is a stabilizing element having a comparable melting point to Ti (1943 K) of 2136 K; Sn is also known to suppress ! embrittlement. Moreover, Ti-Nb-Sn is a Ni-free biomedical superelastic alloy. 26) In actuality, Ti-7 mass%Cr-4 mass%Sn exhibits 60% shape recovery at 573 K.
27) Then, with decreasing Ms through controlled alloy composition, Ti-Cr-Sn alloys are promising candidate as biomedical shape memory alloys; good mechanical properties and superelastic behavior have been reported. 22, 28) Therefore, Ti-Nb-Al and Ti-Cr-Sn alloys were used for this study.
Our group demonstrated the clinical applicability of the TiNb-Al alloy as orthodontic superelastic wire. 29, 30) The Ti-NbAl and Ti-Cr-Sn alloys are expected to be composed of a single -Ti phase at usual temperatures of the human body. A single-phase alloy usually has better resistance against galvanic corrosion than a multi-phase alloy because it does not cause any difference in potential. 31, 32) Even under stress, the stress-induced martensite still contains the same chemical composition as that of the parent phase. In this case, galvanic corrosion between parent and martensite phases must be slight because of their chemical similarity. Moreover, each element composing the Ti-Nb-Al and Ti-Cr-Sn alloy shows high-to-medium biocompatibility. Previous studies of cytotoxicity of metal salts for human and mouse origin cells revealed that the 50% inhibitory concentration (IC 50 ) of Ti, Nb, Al, and Sn showed a large value and that IC 50 of Cr showed a medium value. 33, 34) 
Samples
Cell proliferation can be affected by the sample surface morphology: surfaces of the non-polished samples showed many small pits, wrinkles, and scratches. For that reason, all samples used for this study were mirror-polished to eliminate the influence of surface morphology. The composing elements of each sample were also evaluated by EDX analysis and showed no impurities. The Ti-Nb-Al and Ti-CrSn alloys used in this study were fabricated by nonconsumable W-electrode type arc melting method in Ar-1%H2 reduction atmosphere using a Cu heath and high purity elemental materials with 99.99% (4N). Therefore, the amount of impurities from the starting materials and contaminations during alloying were lowered as possible as we could. Then, although we did not the chemical analysis for the impurities, the effects of the impurities on cell culture were minimized as possible as we could. These results Cells were incubated for 1, 3, or 5 days. The DNA of cells on each sample was harvested. The amount of DNA was quantified to evaluate cell proliferation. The value of Ti-Cr-Sn on day 1 was below the spectrophotometer detection limit. ÃÃ , P < 0:01; Ã , P < 0:05; y, P < 0:01 vs. Ti Day 1; z, P < 0:01 vs. Ti-Cr-Sn Day 1; }, P < 0:05 vs. Ti-Nb-Al Day 1; n.s., not significant suggest that each sample showed high purity, and that the surface of each sample was very smooth, presenting no morphological differences among groups.
CelLuminate red fluorescent cell stain
In this study, CelLuminate Red was applied to observe live cells cultured on metallic materials with epifluorescent Fig. 4 Evaluation of cell proliferation with live cell imaging. COS7 cells on each sample were observed at day 1, day 3, and day 5 using epifluorescent microscopy to monitor cell proliferation (upper panels). The live cells on each sample were also observed using phasecontrast method at the same site (lower panels): cpTi (A), Ti-Nb-Al (B) or Ti-Cr-Sn (C) (Original magnification Â100, Scale bar 100 mm).
microscopy. It was confirmed that COS7 cells were visible with epifluorescent microscopy at 24 h after adding CelLuminate Red to the culture (Fig. 4) . This new reagent consists of biomimetic nanoparticles 35) that include a rhodamine, a fluorescent reagent; it is designed to be pinocytosed easily by cells. Use of this reagent enables live fluorescence staining of cells while obviating methods such as lipofection for transient gene transfection of cDNA encoding green fluorescent protein (GFP), a protein that exhibits green fluorescence when exposed to blue excitation light, into the cells. 36, 37) Because gene transfer such as lipofection is toxic to cells to some degree, non-cytotoxic CelLuminate Red is expected to be more useful for investigating cell compatibility of metallic materials than the reagents for gene transfer. 38) Moreover, CelLumiante is designed to perform live cell imaging; it is another feature by which we can perform non-toxic time-lapse assay for real-time monitoring of the cells on metallic materials. The metallic disks used for this study were 0.15-mm-thick. Because all probed materials used in this study were transmissive to light from microscopy to some degree, we visualized live cells using phase microscopy concurrently with epifluorescent microscopy. Though both live cell imaging with phase microscopy and with epifluorescent microscopy using CelLuminate Red revealed the similar tendency, the live cell imaging using CelLuminate Red was thought to be more sensitive to active cells, because more active cells took in more CelLuminate Red following to clear visualization of the cells with epifluorescent microscopy (Fig. 5 ).
In vitro biocompatibility
The cell proliferation and viability of COS7 cells in direct contact with the mirror-polished materials were evaluated using DNA quantification, live cell imaging, and cytoskeletal observations by immunofluorescent actin labelling. Results indicate that cell proliferation was greater on sample surfaces of cpTi and Ti-Nb-Al than on Ti-Cr-Sn; cell viability was apparently higher on cpTi and Ti-Nb-Al than on Ti-Cr-Sn. Observation of CelLuminate Red pinocytosed by cells on each sample surface revealed that the rate of cell growth in the culture with Ti-Cr-Sn was less than with either cp-Ti or Ti-Nb-Al. The COS7 cells on the cpTi and Ti-Nb-Al showed clear cytoskeleton, grew better, and spread more widely by observation using fluorescent microscopy. These results suggest that Ti-Nb-Al shows biocompatibility as high as that of cpTi, and that Ti-Cr-Sn showed lower biocompatibility than that of cpTi. Both Ti-Nb-Al and Ti-Cr-Sn alloys were expected to be composed of a single phase. Their surface morphologies, which can affect the cell proliferation and viability, of both materials were almost identical. The difference in biocompatibility between the Ti-Nb-Al and TiCr-Sn might be attributable to differences of the elements composing each material. For example, Ti, which accounts for 73 mol% of Ti-Nb-Al and 90% of Ti-Cr-Sn, exhibits good mechanical properties, high corrosion resistance, and excellent biocompatibility. It is used for many dental and medical applications and instruments. 39) We selected additional elements for improving the mechanical properties from elements that have been used in biomedical applications and thereby developed Ti-Nb-Al and Ti-Cr-Sn alloys as new Nifree Ti-based SMAs. However, the cytotoxicities of metal salts of the respective additional elements were different. The IC 50 of Nb 5þ , Al 3þ , and Sn 4þ showed large values, indicating higher cell compatibility. On the other hand, IC 50 of Cr 3þ and Sn 2þ showed a medium value, which means medium cell compatibility. 34, 35) It is recommended that more cell-compatible elements should be selected as new alloys for biomedical applications.
Conclusions
This study evaluated the cell proliferation and viability of COS7 cells in direct contact with newly developed Ni-free SMAs using DNA quantification, new live cell imaging using CelLuminate Red, and cytoskeletal observations by immunofluorescent actin labelling. The results suggest that Ti-Nb-Al alloy has biocompatibility as high as that of cpTi and could be more suitable for biomedical applications.
